Bronchoscope insertion through an endotracheal tube increases airflow resistance. Constant tidal volume (T V ) ventilation can be maintained by augmenting the inspiratory pressure, but increased outflow resistance cannot be compensated for. Air trapping distal to the tube may lead to higher airway pressures in volume controlled (VC) mode and reduced T V in pressure controlled (PC) mode. Increased end-expiratory airway pressures will not be detected by ventilator pressure sensors.
In mechanically ventilated patients, bronchoscopy is often performed as a diagnostic procedure or for visually directed elimination of secretions 1 . Partial occlusion of the endotracheal tube (ETT) by the bronchoscope increases airflow resistance. The resulting inhibition of inspiratory flow may be compensated for by augmented inspiratory pressures. To what extent these pressures would be transmitted to the airways is, however, difficult to predict. Reduced expiratory flow cannot be compensated for by most ventilators and could lead to substantially higher airway and intrathoracic pressures; increased end-expiratory pressures would not be detected by the pressure transducers in the ventilator circuit.
In order to minimise airway obstruction it has been recommended to perform flexible bronchoscopy (FB) through cuffed artificial airways with at least 8 mm internal diameter 2 or a tube whose inner diameter is at least 2.0 mm larger than the outside diameter of the bronchoscope 3 . Even a slightly smaller tube diameter of 7.5 mm has been shown to cause pressures as high as 70 cmH 2 O in artificial airway-ventilator systems 2 . There is no international consensus however, regarding ventilator settings and tube dimensions.
Keeping tidal volumes (T V ) at the same levels as before FB may lead to distal air trapping and an unintentional rise in both intrabronchial peak airway pressures (P P-AIRW ) and end-expiratory airway pressures (P EEP-AIRW ). This could increase the risk of volutrauma 4 and reduce cardiac preload. On the other hand, if the ventilator is set to deliver a constant pressure, the increased ETT resistance would reduce T V and increase P a CO 2 , but the risk of undetected high pressures in the airways would be lower 5 . A suctioning procedure will introduce additional changes. These were, however, not examined in this investigation.
Clinicians are well aware of the ventilator pressure changes seen during bronchoscopy. The purpose of this study however, is to assess airway pressures measured distal to the bronchoscope, i.e. within the airways. The various effects of airway obstruction during mechanical ventilation have previously been investigated in experimental models 6, 7 . Few clinical studies have examined physiological changes in vivo during bronchoscopy of intubated patients 8 . We compared changes in ventilation, P P-AIRW , P EEP-AIRW , ventilator pressures and blood gases during bronchoscopy in volume controlled (VC) and pressure controlled (PC) ventilation in a prospective randomised clinical study. Our hypotheses were that 1) increased resistance in the tube during bronchoscopy leads to high intrabronchial airway pressures when the respirator is in VC mode and 2) when the respirator is in PC mode, pressure elevations are attenuated but T V is reduced, resulting in increased P a CO 2 . 
MATERIALS AND METHODS

Patient population
Twenty-two mechanically ventilated patients (Evita 4, Dräger, Lübeck, Germany or Servo-i, Maquet, Solna, Sweden) at the surgical and medical intensive care units of Oslo University Hospital, Ulleval, Norway, were included in the study. All patients were deeply sedated and on a ventilator, receiving either VC or PC ventilation according to the preference of their staff physician. A diagnostic or therapeutic bronchoscopy was requested by a physician not involved in the study. There was no case of severe chronic obstructive pulmonary disease or previous lung surgery among the patients (Table 1) . Patients were included in the study if they were circulatory stable (mean arterial pressure >70 mmHg) and well oxygenated (SpO 2 >90% and P a O 2 /FiO 2 ratio >10). As all patients were sedated to Richmond Agitation and Sedation Scale -5 (unresponsive to physical stimulus) and on mechanical ventilation at the time of bronchoscopy, the Regional Committee for Medical Ethics (Oslo, Norway) accepted inclusion without patient consent and approved the study.
The investigation of effects of bronchoscope insertion was carried out during a seven-to eight- minute period before the requested bronchoscopic intervention. Before start of the investigation period, patients were curarized with an initial dose of 0.05 to 0.1 mg/kg cisatracurium besylate (GlaxoSmith-Kline, London, UK). During the study procedure, no bronchoscope movement, installation of water, suctioning or other forms of therapeutic intervention were performed.
The initial plan to also include patients with ETT no. 7 was abolished; in three of six patients very high pressures in either airways or ventilator tubing caused the investigation to be aborted for safety reasons. Only data from patients with ETT no. 8 or 8.5 (n=16) are therefore included in the final analysis.
Bronchoscopic procedure
All patients underwent bronchoscope insertion during sequences of VC and PC ventilation through 8 mm (n=15) were adjusted to give the same T V , as well as I:E ratio, as that chosen by the staff physician before the patient was included in the study. PEEP was unchanged. FiO 2 was kept constant during the procedure. In patients with a high O 2 requirement the FiO 2 was set to 1.0. During the procedure, modus was changed every two minutes to give VC-PC-VC (group A) or PC-VC-PC (group B) sequences (Figures 1 and 2) . When starting in PC mode, the ventilator peak pressures and PEEP used before bronchoscopy were maintained. In VC mode, the previous tidal volumes were the constant factor. Upper ventilator limits for inspiratory pressure were set to maximum, and the ventilator as well as the patient's condition were continuously monitored by an experienced intensive care unit physician throughout the procedure. Distal airway pressures (see Measurements) were continuously monitored by one of the investigators during the study period; the procedure was aborted if the peak airway pressure reached 50 cmH 2 O. The procedure was also aborted if the SpO 2 fell below 90% or a clinically relevant reduction in arterial blood pressure occurred during the procedure.
Measurements
Pressures within the airways, P P-AIRW and P EEP-AIRW , were measured by a pressure transducer imbedded in a 5 Fr plastic tube (Reggie, Camtech AS, Høvik, Norway) inserted through the suction channel of the endoscope. The signals were recorded using a dedicated laptop computer; the transducer was placed in 37°C water for 30 minutes before calibration. The tip of the bronchoscope was first introduced through a tight seal connector (without narrowing the ETT lumen) and the pressure transducer was moved out of the suction channel and positioned in the proximal part of the ETT to estimate pressure offset between the ventilator and the transducer. The bronchoscope was then inserted through the endotracheal tube and the transducer placed in a mid-lumen position directly above the main carina, approximately 5 cm distal to the endocope. Ventilator peak (P P-VENT ) and end-expiratory pressures (P EEP-VENT ) and expiratory T V were recorded. Arterial blood samples were drawn for blood gas analysis both before curarisation, immediately before bronchoscope insertion and at the end of each two-minute sequence, before changing the mode. All blood samples were immediately analysed in a blood gas analyser (ABL 700, Radiometer Medical, Brønshøj, Denmark). As changes in alveolar PCO 2 may alter the P a O 2 even if the pulmonary shunt remains constant, pulmonary shunt was estimated by calculating the alvelo-arterial (A-a) PO 2 difference, using the equation P a O 2 =(P B -PH 2 O)×FiO 2 -P a CO 2 /0.8. Although two minutes of steady-state tidal volume and airway pressure changes is not enough to reach complete pulmonary gas exchange equilibrium, two-minute intervals were chosen because it is coherent with normal clinical practice and because changes in oxygenation in connection with recruitment or derecruitment are often seen within two minutes. As both airway pressures and tidal volumes stabilised within seconds after mode change, major procedure effects on oxygenation would be expected to be seen at the end of a two-minute interval.
Statistics and data management
Data are presented as median values and ranges. All data were analysed using the statistical package SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA). Wilcoxon signed rank test was used to assess possible changes between paired values in PC and VC modes. Null hypotheses were rejected if twotailed P value was <0.05.
Data from the first and second two-minute sequences were pooled to compare parameters measured during changes between VC and PC modes (n=16). The third sequence was used as control reference to estimate whether there was any drift in the readings. Only minor differences (less than 10%) between the first and third two-minute sequence were observed. We therefore used data from the first and second two-minute sequences to compare airway pressures in VC and PC mode.
RESULTS
Insertion of the bronchoscope with the ventilator in VC mode (n=8) increased P P-AIRW by 41%, from 29 cmH 2 O (22 to 43) to 41 cmH 2 O (36 to 49) (P=0.012) as shown in Figure 1A . P P-VENT increased from 29 cmH 2 O (22 to 42) to 46 cmH 2 O (35 to 60) (P=0.012) during the same period. P EEP-AIRW increased by 105%, from 11 cmH 2 O (6 to 18) to 22.5 cmH 2 O (15 to 30) (P=0.012), whereas P EEP-VENT remained unchanged at 10 cmH 2 O (5 to 15). There were no significant changes in T V , P a CO 2 or P a O 2 two minutes after insertion (Figure 2a ). Maximum value for P P-AIRW was 49 cmH 2 O and for P EEP-AIRW 32 cmH 2 O. All changes in pressure stabilised within 20 to 30 seconds after a ventilator mode change, a typical patient tracing is depicted in Figure 3A .
Insertion with the ventilator in PC mode (n=8) ( Figure 2B ) did not change P P-AIRW (23. 5 two minutes. P EEP-AIRW increased by 10.5%, from 9.5 cmH 2 O (7 to 10) to 10.5 cmH 2 O (9 to 18) (P=0.017), whereas P EEP-VENT was 10 cmH 2 O (6 to 12) both before and after scope insertion. T V was reduced by 33%, from 673 ml (585 to 800) to 450 ml (408 to 560) (P=0.012). P a CO 2 increased from 5.7 to 6.5 kPa (P=0.012), but P a O 2 remained unchanged after two minutes. The changes in T V and P a CO 2 were repeated after the ensuing sequences of mode change ( Figure 2B ). Maximum value for P P-AIRW was 30 cmH 2 O and for P EEP-AIRW 20 cmH 2 O. A typical tracing from a patient is depicted in Figure 3B . There were significant P a CO 2 -alterations in all two-minute sequences in PC mode, as illustrated in Figures 2A  and B .
Airway pressures of all patients recorded in VC mode and in PC mode during the first four minutes were pooled for comparison (n=16, Figure 4 ). This analysis confirmed the conclusions drawn from analysis of the individual groups, with significant group differences in P a CO 2 and pH. Comparison of the blood oxygen tension and of the pulmonary shunt, calculated as the A-a PO 2 difference, disclosed no significant differences between the two modes although the shunt may have been slightly lower in the PC mode ([48.9 kPa (23.4 to 76.6)] vs [56.3 kPa (24.9 to 75.3)] in the VC mode [P=0.379]).
DISCUSSION
Insertion of a bronchoscope through an ETT with the ventilator in volume controlled mode significantly increased pressures both at the ventilator circuit and within the airways. The increase of the former was the result of increased pressures in the ventilator circuit due to increased resistance in the tube, but the magnitude of the peak ventilator pressures did not accurately reflect the peak airway pressures. Airway PEEP (P EEP-AIRW ) increased by 105% after bronchoscope insertion. This was not detected by the ventilator sensors.
Bronchoscope insertion in pressure controlled mode reduced tidal volumes and moderately elevated P EEP-AIRW and P a CO 2 . No deterioration of oxygenation was seen in either mode.
The effects of bronchoscope diameter on airflow in endotracheal and tracheostomy tubes has been studied ex vivo by Baier et al who recommended FB to be performed through cuffed artificial airways with at least 8 mm internal diameter 2 . RW Lawson et al suggested the inner diameter to be at least 2.0 mm larger than the outside diameter of the bronchoscope in order to minimise airway obstruction 3 . Few studies have examined these effects in vivo. In one study investigating bronchoscopic suctioning in 13 patients (7 and 8 mm ETTs), both median peak and end-expiratory tracheal pressures increased after bronchoscope insertion in VC mode (from 27 to 33, and 11 to 18 cmH 2 O respectively), : Airway pressures in volume control and pressure control mode measured distal of the endotracheal tube (P PEAK-AIRW , P EEP-AIRW ) and in the ventilator tubing (P PEAK-VENT , P EEP-VENT ) are shown as median values and ranges (n=16). All pressures except P EEP-VENT are significantly higher in volume control mode compared to pressure control mode (P ≤0.001).
Median P EEP-AIRW is 30 % higher than P EEP-VENT in pressure control mode and 65% higher in volume control mode, but the ranges are wide. VCV=volume controlled ventilation, PCV=pressure controlled ventilation.
whereas insertion in PC mode made peak tracheal pressure fall (from 27 to 24 cmH 2 O) and endexpiratory tracheal pressure increase (from 11 to 17 cmH 2 O) (P <0.05) 8 . We found an even greater alteration of peak and end-expiratory airway pressures in VC mode (from 29 to 41, and 11 to 22.5 cmH 2 O respectively), whereas no such changes were seen in PC mode (P P-AIRW remained unchanged at 24 cmH 2 O and P EEP-AIRW only changed from 9.5 to 10.5 cmH 2 O). The discrepancy between their and our data may be due to their pooling of data from patients with 7 mm and 8 mm tubes.
Even if the tube-bronchoscope diameter relationship strongly affects intrabronchial airway pressures, British Thoracic Society guidelines simply state that the inner ETT diameter should be taken into consideration 9. Recommendations for conventional suction catheters exist (outer diameter not to exceed half of the inner ETT diameter) 10 , but are for practical reasons not applicable to FB. There is also a lack of evidence-based guidelines for ventilator mode settings during FB that takes outflow resistance into consideration.
In the current study, airway pressures distal to the endotracheal tube differed substantially from those recorded in the ventilator tubing (Figure 4) . In VC mode, P P-AIRW was 18% lower than P P-VENT , but P EEP-AIRW was 65% higher than P EEP-VENT . Thus, in the VC mode there is a potential risk of undetected high auto-PEEP (gas trapped in alveoli at end expiration) and of lung injuries due to barotrauma 5 . In PC mode, P EEP-AIRW was 30% higher than P EEP-VENT . The reduced T V increased the P a CO 2 , but will in this situation not contribute to atelectasis, as the distending pressures in the airways are maintained and atelectasis is counteracted by the PEEP effect 11 . The increase in P EEP-AIRW with the ventilator in PC mode was minor in our study. In order to avoid high-pressure exposure to the lungs, PC mode therefore seems to be preferable during bronchoscopy of mechanically ventilated patients.
According to the alveolar gas equation, P a O 2 will decrease if P a CO 2 is elevated as a result of decreased T V . Even if the pulmonary shunt is constant, the P a O 2 will decrease. As the P a CO 2 increased in PC mode compared to VC mode when data from both groups were pooled (n=16), and the A-a PO 2 -difference appeared smaller in the PC mode, a negative effect of PC on oxygenation in the lungs seems unlikely.
Assuming the anatomical deadspace in intubated patients to be approximately 70 ml 12 , the reduction of alveolar ventilation during PC ventilation would be close to 40% which could be expected to increase the P a CO 2 by close to 50% 13 . The discrepancy between T V reduction and P a CO 2 alteration seen in our study therefore indicates that P a CO 2 has not yet reached complete equilibrium two minutes after bronchoscope insertion.
Both bronchoscopic and open/closed catheter suctioning might reduce tidal volumes and contribute to atelectasis as a result of decreased airway pressures 8, 14 . The rapid time-course of airway pressure rise seen in our study ( Figure 3A and B) indicates that even if suctioning is performed, airway pressures will remain high during non-suction periods.
In this study, ventilator settings, and the resulting pressures in the tubing, were controlled during the entire procedure of bronchoscopy. In some intensive care units, physicians prefer to perform manual ventilation during FB. This method makes both tidal volumes and airway pressures uncertain 15 , and could result in undetected intrathoracic pressures exceeding those seen in VC mode.
CONCLUSION
Ventilator modus has a significant impact on intrabronchial airway pressures and tidal volumes during bronchoscopy, even with relatively large tube diameter. Maintaining previous tidal volumes (VC mode) during the procedure may cause an unintentional increase in airway pressures. A constant ventilator pressure (PC mode) causes less pressure variation, reduced T V and moderately increased P a CO 2 two minutes after bronchoscope insertion, without decreasing oxygenation.
